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7KLVZRUN LV SULPDULO\ IRFXVHG LQ XWLOLVLQJ D WHFKQLTXH WR DVVHVV ORZ F\FOH IDWLJXH OLIH RI VWHDP WXUELQH
EODGH7ZRDSSURDFKHVDUHHPSOR\HGKHUHILUVWLVEDVHGRQWKHOLQHDUHODVWLFILQLWHHOHPHQWDQDO\VLV)LFWLYHHODVWLF
UHVXOWV DUH UHFDOFXODWHG XVLQJ1HXEHU¶V UXOH 6HFRQG DSSURDFK LV EDVHG RQ HODVWLFSODVWLF )LQLWH (OHPHQW DQDO\VLV
)($ 6WUDLQ DPSOLWXGH DSSURDFK LV IROORZHG WKURXJK 8QLYHUVDO VORSH PHWKRG DQG &RIILQ0DQVRQ HTXDWLRQ WR
GHWHUPLQHWKHQXPEHURIVWDUWXSDQGVKXWGRZQF\FOHV
3URSHUEODGHGHVLJQZLWKFRQVHUYDWLYHVWUHVVOHYHOVLVLPSRUWDQWIRUUHOLDELOLW\LQURWRUEODGHGHVLJQ)LQLWH
(OHPHQW$QDO\VLV EDVHG IDWLJXH WRROV HQDEOH UHOLDEOH IDWLJXH OLIH FDOFXODWLRQV WR EH GRQH DW WKH GHVLJQ VWDJH RI D
GHYHORSPHQW SURFHVV DQG D SURSHU GHVLJQPHWKRGRORJ\ LV LPSRUWDQW WR SUHGLFW WKH FDWDVWURSKLF IDLOXUH RI WXUELQH
EODGHGXHWRIDWLJXH
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(PDLODGGUHVV WXOVLGDOD#JPDLOFRP VKDQWKDUDMDP#JPDLOFRPEKDUDWKYJ#JPDLOFRP
7KHJHRPHWULF SURSHUWLHVRI EODGHDUH GHVLJQHGWRPHHWWKHVSHFLILFRSHUDWLQJ 7KHWXUELQHVWDJHVRIWHQXVHEODGHV
ZLWK LQWHUQDO FRROLQJ ZKLOH WKH YHU\ ORQJ EODGHV LQ WKH /3 VWDJHV RI ODUJH VWHDP WXUELQHV DUH SUH WZLVWHG 7KH
FHQWULIXJDOIRUFH XQWZLVWVWKH EODGHVWRWKHFRUUHFWDQJXODUDOLJQPHQWZLWKWKHVWHDPIORZ2IWHQWKHKLJKSUHVVXUH
WXUELQHVWDJHDQGWKHORZSUHVVXUHVWDJHXVHGRXEOH µ7¶URRWWKHVKRUW DQG PHGLXPLPSXOVHEODGHVDW ORZSUHVVXUH
VWDJH XVHVLQJOH µ7¶URRWEODGHVLVFRPPRQO\VHHQ
6WHDPWXUELQHEODGHDQG GLVFKDYH IHZ FULWLFDOUHJLRQVIRUZKLFKOLIHWLPHFRUWLFDWLRQLVQHFHVVDU\VXFKDV
7URRW EODGH GLVF DWWDFKPHQW UHJLRQ 7KH DVVRFLDWHG ORDGV ZLWK WKHVH UHJLRQV DUH GXH WR WKH FHQWULIXJDO IRUFH LQ
EODGHVWHDPEHQGLQJLQKRRSGLUHFWLRQ7KHURWRU LVVXEMHFWHGWRKRRSDQGUDGLDOVWUHVV
7KHREMHFWLYHRIWKHSUHVHQW ZRUNLVWR
x (YDOXDWHWKHPHFKDQLFDO LQWHJULW\ RIEODGHGGLVFDVVHPEO\XVLQJ VLPXODWLRQWHFKQLTXH
x *HRPHWULF DQG PDWHULDO QRQOLQHDULWLHV FRQVLGHUHG IRU WKH VLPXODWLRQ WR EXLOG FXVWRPL]HG PHWKRGRORJ\ IRU
IDWLJXHOLIHHVWLPDWLRQ
x 7REULQJLQFRUUHODWLRQEHWZHHQ ELOLQHDU NLQHPDWLF KDUGHQLQJ DQGQHXEHU¶VUXOHWRHVWLPDWH WKH WRWDOVWUDLQ






















:KHQ WKH F\FOLF VWUHVVHV DUH KLJK W\SLFDOO\ LQ WKH QHLJKERXUKRRG RI WKH \LHOG VWUHQJWK RI WKH PDWHULDO
WKH DSSOLHG ORDG F\FOHV WR IDLOXUHDUH VPDOO7KHOLIHLVFRQWUROOHGE\LQHODVWLFFRPSRQHQW RI VWUDLQ 7KH WRWDO VWUDLQ
KDV HODVWLF DQG LQHODVWLF FRPSRQHQWV DQG WKH SORWVRIWKHVHFRPSRQHQWVYHUVXVF\FOHVWR IDLOXUH RQDORJORJ SORW
DUH VWUDLJKW OLQHV
7KH PRVW ZLGHO\ TXRWHG IDWLJXH OLIH PRGHO LV RIWHQ H[SUHVVHG E\ WKH µ 0DVRQ&RIILQ¶ HTXDWLRQ UHODWLQJ
OLIH WR SODVWLF VWUDLQ UDQJH WKURXJK D SRZHU ODZ 0DQVRQ DQG +DOIRUG SURSRVHG WKDW WKH F\FOLF OLIH GHSHQGHG RQ
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WRWDO VWUDLQ UDQJH 7KLVLQWXUQFRQVLVWHGRIHODVWLFDQGSODVWLFFRPSRQHQWVHDFKRIZKLFKZDVOLQHDUZLWKF\FOLFOLIH
RQORJORJVFDOHV 7RWDO VWUDLQ UDQJH ZDV WKXV DV\PSWRWLF WR SODVWLF OLQH LQ WKH /&) UHJLRQ 7KH SODVWLF VWUDLQ ZDV
PXFK ODUJHU WKDQ HODVWLF VWUDLQ DQG DV\PSWRWLF WR WKH HODVWLF OLQH LQ WKH +&)UDQJH ZKHUH WKH HODVWLF VWUDLQ JUHDWO\
H[FHHGVSODVWLF VWUDLQ 30HVWDQHNHW DO
7KHWRWDOVWUDLQUDQJHLVWKHQPDGHXSRIWKHHODVWLF DQGSODVWLFFRPSRQHQWVJLYHQE\






7KH FRHIILFLHQW µ0¶ LV SULPDULO\ JRYHUQHG E\ GXFWLOLW\ DQG FRHIILFLHQW µ*¶ E\ VWUHQJWK 0XUDUL 3 6LQJK HWDO
 
 8QLYHUVDO6ORSH0HWKRG
/RZ F\FOH IDWLJXH WHVWV DUH WLPH FRQVXPLQJ DQG H[SHQVLYH DV FRPSDUHG WR PRQRWRQLF WHQVLOH WHVWV
+DOIRUG DQG 0DQVRQ SURSRVHG WKH PHWKRGFDOOHG 8QLYHUVDO 6ORSH DIWHU H[DPLQLQJ WKH SURSHUWLHV RI D ODUJH QXPEHU RI
PDWHULDOV 0DQVRQ 6 6 %\ XWLOL]LQJ PRQRWRQLF WHQVLOH SURSHU WLHV D VWUDLQ YHUVXV F\FOHV WR IDLOXUH FXUYH
FDQ EH HVWLPDWHG 7KLV PHWKRG GRHV QRW JLYH WKH PRVW DFFXUDWH UHVXOWV IRU DOO PDWHULDOV EXW LW SURYLGHV D YHU\ JRRG
ILUVW HVWLPDWH RI WKHPLQLPXP QXPEHU RI F\FOHV IRU FUDFN LQLWLDWLRQ 7KH WRWDO VWUDLQ YHUVXV QXPEHU RI F\FOHV LV
REWDLQHG XVLQJ PDWKHPDWLFDO HTXDWLRQV DQG FDQ DWWDLQ DSSUR[LPDWH QXPEHU RI F\FOHV ZLWKRXW WKH H[SHULPHQWDO
IDWLJXHFXUYHV7KLVPHWKRGXWLOLVHVWKHDSSUR[LPDWHIDWLJXHIDFWRUVOLNHVXUIDFHORDGVL]HVHUYLFHIDFWRUVDQGVRRQ
7R DLG LQ WKH PDWHULDO WHVWLQJ IRU IDWLJXH DQG LQLWLDO FRPSDULVRQ DPRQJ PDWHULDOV WKLV PHWKRG LV EHHQ IRXQG WR EH
YHU\ XVHIXO
7R REWDLQ IDWLJXH SURSHUWLHV RI PDWHULDO LW LV WLPH FRQVXPLQJ DQG H[SHQVLYH 0RQRWRQLF WHVW SURSHUWLHV
DUH XVHG WR HVWLPDWH IDWLJXH SURSHUWLHV $ VLPSOH HTXDWLRQ XQLYHUVDOL]LQJ WKH OLIH PRGHO H[SRQHQWV ZLWK DQ
DSSUR[LPDWH UHODWLRQ RI 0 DQG * WR WKH PDWHULDO SURSHUWLHV LV SURSRVHG -XOLH$%DQQDQWLQH HWDO
0DUURZHTXDWLRQLVJLYHQE\






 7KHRULHV RI )DLOXUHV IRU VWDWLF ORDGLQJ
0DQ\ WKHRULHV KDYH EHHQ SURSRXQGHG WR HVWLPDWH WKH PD[LPXP VWDWLF ORDG WKDW PD\ EH DSSOLHG WR D
FRPSRQHQW ZLWKRXW FDXVLQJ IDLOXUH 7KHVH WKHRULHV XVH GDWD REWDLQHG IURP XQLD[LDO WHVWV ZKHQ LQ WKH UHDO VLWXDWLRQ
WKH VWUHVV V\VWHP ZLOO EH PXOWLD[LDO 7KLV ZD\ RQH FDQ DYRLG H[SHULPHQWDO GHWHUPLQDWLRQ RI DQ LQILQLWH QXPEHU RI
VWUHVV FRPELQDWLRQV RI VWUHVVHV WKDW PD\ DULVH LQ WKH UHDO VLWXDWLRQ 6RPH RI WKHP DUH OLVWHG EHORZ -RVHSK
(GZDUG6KLJOH\ 
 0D[LPXP 1RUPDO 6WUHVV 7KHRU\ E\ 5DQNLQH
 0D[LPXP 1RUPDO6WUDLQ 7KHRU\ E\ 6DLQW 9HQDQW
 0D[LPXP 6KHDULQJ 6WUHVV 7KHRU\ E\ *XHVW
 0RKU 7KHRU\ DQG ,QWHUQDO)ULFWLRQ 7KHRU\ E\ &RXORPE DQG 0RKU
 0D[LPXP 6WUDLQ (QHUJ\ 7KHRU\ E\ %HOWUDPL E\ +XEHU E\ +DLJK
 9RQ 0LVHV+HQFN\ 7KHRU\ E\ +HQFN\ DQG E\ 9RQ 0LVHV
,Q D XQLD[LDO WHQVLRQ WHVW ZKHQ WKH VSHFLPHQ VWDUWV WR \LHOG WKH IROORZLQJ TXDQWLWLHV UHDFK WKHLU OLPLWV
VLPXOWDQHRXVO\
x 7KH SULQFLSDO VWUHVVı  3$ UHDFKHV WKH WHQVLOH HODVWLF VWUHQJWK HODVWLFOLPLWRU \LHOGSRLQW RIWKHPDWHULDO
x 7KHWHQVLOHVWUDLQİUHDFKHVWKHYDOXHRIVWUDLQİİ
x 7KHPD[LPXPVKHDULQJVWUHVV Ĳ 3$UHDFKHVWKHVKHDULQJHODVWLFOLPLWRUVKHDULQJ\LHOGVWUHVVĲ\S RI
WKH PDWHULDOĲ\S ı\S
x 7KH WRWDO VWUDLQ HQHUJ\ : DEVRUEHG E\ WKH PDWHULDO SHU XQLW YROXPH UHDFKHV WKH YDOXH :H  ı
İ(
x 7KH VWUDLQ HQHUJ\ RI GLVWRUWLRQ :G HQHUJ\ DFFRPSDQ\LQJ FKDQJH LQ VKDSH DEVRUEHG E\ WKH PDWHULDO SHU XQLW
YROXPH UHDFKHV D YDOXH:G  P(VH
,Q WKH FDVH RI D XQLD[LDO WHQVLOH WHVW HDFK RI WKH VL[ TXDQWLWLHV GHVFULEHG DERYH DUH UHDFKHG
VLPXOWDQHRXVO\ :KHQ WKH VWDWH RI VWUHVV LV PXOWLD[LDO WKH OLVWHG VL[ TXDQWLWLHV ZLOO QRW RFFXU VLPXOWDQHRXVO\ ,W
EHFRPHV LPSRUWDQW WR FRQVLGHU ZKLFK RQH RI WKH TXDQWLWLHV VKRXOG EH FKRVHQ WR OLPLW WKH ORDGV WKDW FDQ EH DSSOLHG
WR D PHPEHU ZLWKRXW FDXVLQJ LQHODVWLF VWUDLQ
 1HXEHU¶V5XOH
7\SLFDOO\ OLJKW ZHLJKW VWUXFWXUHV DUH GLPHQVLRQHG LQ D ZD\ WKDW OLPLWHG ORFDO \LHOGLQJ LV DOORZHG
7UDGLWLRQDO QRQOLQHDU )($ DQDO\VLV VLPXODWLQJ WKH ORFDOPDWHULDO SODVWLFLW\ DUH VWLOO YHU\ UHVRXUFH LQWHQVLYH <HW
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RIQRQOLQHDUVLPXODWLRQUHVXOWVDSSUR[LPDWLRQWHFKQLTXHVEDVHGRQWKH1HXEHU¶VIRUPXOD ZLOO HVWLPDWHWKHSODVWLF
VWUHVV±VWUDLQVWDWHIURPOLQHDUDQDO\VLVUXQVZHUHXWLOL]HG7KHJHQHUDO1HXEHU¶VSURFHGXUHRIH[WUDSRODWLQJOLQHDU
VWUHVVHV LQWR WKHSODVWLFPDWHULDO UHJLRQ FDQ WKXV LV DSSOLHG WR DUELWUDU\ JHRPHWULHV7KH IROORZLQJ )LJ VKRZV
QHXEHU¶VK\SHUERODDQGLWVXVH 7KH GHILQLWLRQ RI VWUHVV DQG VWUDLQ FRQFHQWUDWLRQV WKH ILQDOHTXDWLRQ LVZULWWHQDV
VH &RQVWDQW 
7KHDERYHHTXDWLRQ UHSUHVHQWV D K\SHUEROD FDOOHG 1HXEHU¶V K\SHUEROD 7KH LQWHUVHFWLRQ RI WKLV K\SHUEROD DQG WKH





 ,QOHW WHPSHUDWXUH &
 0HFKDQLFDO ORDGV6WDWLF)DWLJXH DQG6SHHG ORDGLQJ
 7KHUPDO ORDGV ZLWK WHPSHUDWXUH JUDGLHQW RI &




%DVHG RQ WKH OHYHO RI XQFHUWDLQW\ LQ PDWHULDO SURSHUW\ LH JUDLQ ERXQGDU\ GLVWULEXWLRQ PDQXIDFWXULQJ
XQFHUWDLQWLHVOLNHYDULDEOHWUDQVLWLRQILOOHWUDGLXVDWEDVHRIDLUIRLOERWKDW/(7(DQGDWFKRUGFRYHU2YHU VSHHGRI
DQGWKHFRQWUROV\VWHPWREUHDNWKHVHSDUDWLRQPDUJLQVDQGGHVLJQVSHHG 7HPSHUDWXUHYDULDWLRQDQGQXPEHURI
RYHUVSHHG LQRQH VWDUW XSDQGVKXWGRZQF\FOH DUH WKH WKUHH LPSRUWDQWSDUDPHWHUV ZLWK DFRPPRQ IDFWRU ZKLFK
JRHVLQWRWKHPDUJLQOLPLWVDWPLQLPXP\LHOGRIWKHPDWHULDODVµ)DFWRURI6DIHW\¶










WRWDOVWUDLQ 7KH PHWKRG RI DVVHVVLQJ /&) OLIH RI D FRPSRQHQWZLWKWKH HIIHFWLYH XVH RI F\FOH YHUVXV VWUDLQ DPSOLWXGH













7KH )LQLWH HOHPHQWDQDO\VLV LV SHUIRUPHG ZLWK WKH ORDGLQJV GHVFULEHG LQVHFWLRQ 7KH DQDO\VLV FRQVLGHUHG
HODVWLF GHIRUPDWLRQ RQO\ 7KHHTXLYDOHQW SHDNYRQPLVHV VWUHVV LVDERXW 03D DW EODGH URRWILOOHWVKRZQLQ)LJ
 DQG 03D DW GLVF URRW ILOOHW VKRZQ LQ )LJ  ZKLFK LV KLJKHU WKDQ WKH \LHOG VWUHQJWK RI WKH PDWHULDO RI
FRQVWUXFWLRQ03D7KHSHDN VWUHVVHV LVUHVXOWLQJDWIHZQRGDO ORFDWLRQVDW ILOOHW UHJLRQ7KHVH SHDN VWUHVVHVDUH
OLQHDU ZKLFKPD\QRWEHIHDVLEOHWR FRQVLGHU +RZHYHU WKHFRUUHFWLRQ IDFWRUV IRUWKHVH SHDN VWUHVVHVDUHGRQHWKURXJK
ELOLQHDUUXQV DQG DUHQHXEHULVHG 7KHVHHODVWLFSHDNVWUHVVHV DUHXVHG RQWRWKHVWUHVVVWUDLQFXUYHRIWKHPDWHULDO WR
REWDLQ WKHQRQOLQHDUSHDNVWUHVV ,QWKHVLPLODUIDVKLRQ WKHWRWDOVWUDLQ µ61¶ FXUYHFDQEHFRPSXWHGWKURXJKQHXEHU¶V
WHFKQLTXHDVZHOOWKURXJKELOLQHDUDQDO\VLV7KHQRQOLQHDUVWUHVVHVDQGWKHQHXEHUVWUHVVHVGHYHORSHGDWWKHEODGHURRW
ILOOHW DQGGLVFURRWILOOHWDUH VKRZQJUDSKLFDOO\ LQ)LJDQG)LJ ,WLVHYLGHQWWKDWWKHOLQHDUVWDWLFVWUHVVUHVXOWVDUHIDU
DZD\ IURPELOLQHDUDQGQHXEHULVHG VWUHVVYDOXHV ,W LVDOVR VLJQLILFDQW WKDWELOLQHDUFXUYH LVFORVHO\DVVRFLDWHGZLWK
QHXEHULVHGVWUHVVYDOXHVDWVSHHGVSHHGDQGVSHHGDVSHU$3, VWDQGDUGV7KH DYHUDJHVWUHVVHVIURP
JURVV\LHOGLQJSRLQWRIYLHZ LQ EODGHURRWILOOHW DLUIRLOEDVH DQG GLVFURRWILOOHWDWPLQLPXPFURVVVHFWLRQLVWDEXODWHG
LQWKH 7DEOH,WLVREVHUYHGWKDWDWFULWLFDOORFDWLRQ VKRZQLQ )LJ WKHDYHUDJHVWUHVVLV 03DZKLFKLVZHOOEHORZ
WKH\LHOGDW RYHU VSHHG $VSHUZHDNOLQN DQDORJ\WKHGLVN LVVWLIIHU WKDQWKH EODGH 7KHZHDNHUVHFWLRQVLQWKH
DVVHPEO\FDQEHUHSODFHGLI LQFDVHRI IDLOXUHVEXWPRGLILFDWLRQVRUUHSDLUV DUHGLIILFXOWVRPHWLPHVLPSRVVLEOHDV
WKHURWRULVDVLQJOHIRUJHGXQLW
UP)F Z 
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)LJ %ODGHURRWILOOHWHTXLYDOHQWVWUHVVGLVWULEXWLRQ )LJ 'LVFURRW ILOOHWHTXLYDOHQWVWUHVVGLVWULEXWLRQ










































































LQLWLDWHWKHFUDFNLQEODGHFDQEHIRXQGRXWXVLQJ /&) DQDO\VLVVWUDLQOLIHDSSURDFK FDQEHXVHGIRUWKHDQDO\VLV
)LJ &ULWLFDOUHJLRQLQEODGHDQGGLVF )LJ  %ODGHORDGLQJSDWWHUQ IRUIDWLJXHOLIH
 5HVXOWVRI)DWLJXH$QDO\VLV
6HFWLRQGHVFULEHVWKHLQSXWSDUDPHWHUVUHTXLUHGIRU IDWLJXHDQDO\VLV%DVHGRQDVVXPSWLRQVWKHIDWLJXHOLIH
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 &DOFXODWLRQ2I/LIH(VWLPDWLRQ2I6WHDP7XUELQHEODGH
$QDO\WLFDOO\WKHOLIHHVWLPDWLRQRIEODGHLVFDOFXODWHGDV1I  F\FOHV
*UDSKLFDOO\ WKHOLIH HVWLPDWLRQ LV VKRZQEHORZZLWKWKH 7DEOH 
7DEOH1RRI5HYHUVDOV9V7RWDO6WUDLQ
1RRI5HYHUVDOV (ODVWLFVWUDLQ 3ODVWLFVWUDLQ 7RWDOVWUDLQ
 (  (
 ( ( (
)LJ6WUDLQUDQJH9V&\FOHVRIIDLOXUH 0XUDUL 3 6LQJK HWDO 
)LJ 5HVXOWVRIOLIHHYDOXDWLRQ IRUGLIIHUHQWDSSURDFKHV
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)URP&RIILQ0DQVRQHTXDWLRQ ZH REWDLQHGQXPEHURIF\FOHV WR LQLWLDWHDFUDFNDW FULWLFDO UHJLRQVRI WKH
EODGH DQG GLVF 7KHVH OLIH F\FOHV DUH JUHDWHU WKDQ  F\FOHV DV SHU WKH VWDQGDUGV XQGHU =HUR0D[=HUR ORDG
FRQGLWLRQV)URPWKHDERYHLWFRQFOXGHVWKDW WKHEODGHDQG GLVFLVVDIHXQGHUWKHVHORDGFRQGLWLRQV3URSRVHGPHWKRG
RI/&)OLIHHYDOXDWLRQEDVHGRQFULWLFDOVWUDLQDSSURDFKXVLQJ8QLYHUVDOVORSHPHWKRGUHVXOWVLQDFKLHYLQJGHVLUHG
VWDUWXSDQGVKXWGRZQF\FOHVIRUFUDFNLQLWLDWLRQ 7KHOLIHHYDOXDWLRQIRU DQDO\WLFDOJUDSKLFDO DQG$QV\VIDWLJXHWRRO
DSSURDFKHVIRU EODGHDQGGLVFLVDVVKRZQLQ)LJ
 &RQFOXVLRQV
3UHOLPLQDU\ GHVLJQ FRQVLGHUDWLRQV FODVVLFDO IDWLJXH WKHRULHV DQG FRPPHUFLDOO\ DYDLODEOH WRRO UHYHOV WKH
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